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We investigate the lattice dynamics in the spin-1/2 frustrated kagome compound herbertsmithite
ZnCu3(OH)6Cl2 by a combination of infrared spectroscopy measurements and ab initio density
functional theory calculations, and provide an unambiguous assignment of infrared-active lattice
vibrations involving in-plane and out-of-plane atom displacements in the kagome layers. Upon cool-
ing, non-thermal red-shifts and broadening appear specifically for modes that deform the kagome
layer or affect the Cu-O-Cu bond angles, thus creating pronounced modifications of the antiferro-
magnetic exchange coupling. Our results indicate the presence of a strong magnetoelastic coupling
to the spin system. We discuss the effects of this coupling and its relation to recent experiments
reporting a global symmetry reduction of the kagome lattice symmetry.
The nature of the ground state in the frustrated spin-
1/2 kagome compound ZnCu3(OH)6Cl2 has been sub-
ject of intense discussion for many years1,2. Being a
perfect realization of a kagome lattice of spin-1/2 Cu
atoms with dominant nearest-neighbor Heisenberg an-
tiferromagnetic interactions, J ≈ 180 K,3 this material
was suggested to be a canonical candidate for bearing
a quantum-spin-liquid (QSL) state. Indeed, the Cu2+
magnetic moments do not order4 down to the lowest mea-
sured temperatures and excitations are dominated by a
rather unconventional broad continuum5. While these
features strongly indicate a QSL ground state, there is
presently a lot of debate, both from the experimental
and theoretical side, concerning its nature4,6–17. Inter-
estingly, recent studies on herbertsmithite have invoked
different aspects of this compound, such as interlayer
Cu/Zn antisite disorder18 and lattice effects19 to investi-
gate this question. Actually, such effects uncover a rich
behavior in these systems. For instance the authors of
Ref. 19 identify via non-linear optical response exper-
iments a subtle high-temperature monoclinic distortion
in herbertsmithite that is suggested to influence the na-
ture of the QSL ground state. Such symmetry reduc-
tion was also reported in previous torque and electron-
spin-resonance (ESR) studies20. Its origin and relation to
the underlying spin system, however, remain unsettled.
The knowledge on the nature of the vibrational modes
in this system and the magnetoelastic coupling would be
of major help to resolve these questions. In fact, there
has already been considerable spectroscopic work on her-
bertsmithite investigating phononic, electronic and mag-
netic excitations21–23. Specifically, recent infrared spec-
troscopy studies on the title compound and other frus-
trated systems revealed anomalous broadening and red
shifts of vibrational modes upon cooling,21,24,25 as op-
posed to the narrowing and hardening arising from the
usual thermal effects. It was suggested that these anoma-
lies are related to the coupling to the spin system.
In view of these findings, we performed an extensive
theoretical and spectroscopic study of the vibrational
features in ZnCu3(OH)6Cl2. Via ab initio phonon cal-
culations we provide a one-to-one assignment of phonon
modes and the involved lattice sites. We observe non-
thermal broadening and red-shift for low-frequency vi-
brations in the range of expected strong spin fluctuations.
Notably, we identify these low-frequency vibrations to be
related to atomic motions that deform the kagome layers
and modify the Cu-O-Cu bond angles directly affecting
the antiferromagnetic Cu-Cu exchange interactions and
therefore influencing the underlying magnetism.
Single crystals of ZnCu3(OH)6Cl2 were prepared
by hydrothermal synthesis26. The optical reflectivity
was measured on as-grown surfaces of mm-sized sam-
ples covering frequency and temperature ranges of 40–
20 000 cm−1 and 10–295 K, respectively, and combined
with the VIS-UV data reported elsewhere22. Standard
extrapolations towards low and high frequencies were ap-
plied in order to determine the optical conductivity using
the Kramers-Kronig relations.
Ab initio vibrational studies were performed using the
crystal structure of ZnCu3(OH)6Cl2 given in the space
group R3¯m27. The phonon frequencies and eigenvectors
were calculated by diagonalizing the dynamical matri-
ces using the phonopy package28,29. The dynamical ma-
trices were constructed from the force constants deter-
mined from the finite displacements in 2 × 2 × 1 super-
cells30 performing density functional calculations within
the Perdew-Burke-Ernzerhof parametrization of the gen-
eralized gradient approximation31 and using the projec-
tor augmented wave approximation32 implemented in the
Vienna package (VASP)33–35. The Brillouin zone for the
supercell was sampled with a 4×4×4 k point mesh, and
the plane-wave cut-off was set at 520 eV.
In Fig. 1(c,d) we show the polarized infrared reflectiv-
ity spectra of ZnCu3(OH)6Cl2 and compare them to the
calculated phonon mode frequencies shown in Fig. 1(a-b).
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FIG. 1. (a,b) Phonon calculations yield good agreement with
polarized infrared spectra of ZnCu3(OH)6Cl2. Note the Eu
doublet at 84.8 and 88.4 cm−1; all Eu and A2u mode frequen-
cies are listed in Table I. (c,d) The temperature-dependent
in- and out-of-plane reflectivity is dominated by vibrational
features in the entire infrared range. (e) The corresponding
optical conductivity was calculated using the Kramers-Kronig
relations. For convenience, only 295 K (dotted) and 10 K
(solid lines) spectra are shown for both orientations.
The optical absorption in herbertsmithite arises mainly
from phonons since the strong Coulomb repulsion in this
system yields a charge gap of more than 3 eV22. This
is in contrast to the case of triangular-lattice organic
QSL candidates, where electronic transitions between the
Hubbard bands are the dominant contribution in the far-
and mid-infrared range36–38. While vibrational calcula-
tions have been carried out and discussed also on the
molecular solids39,40, the absence of an electronic back-
TABLE I. The infrared-active doubly-degenerate Eu modes
and infrared-active out-of-plane A2u modes in cm
−1 for
ZnCu3(OH)6Cl2 obtained by ab initio calculations.
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FIG. 2. The A2u modes at (a) 155.9 cm
−1 (b) 277.2 cm−1
(c) 365.1 cm−1 and (d) 473.8 cm−1 according to our ab initio
calculations. The atomic motions of these infrared vibrations
were projected along the crystallographic c-axis.
ground in ZnCu3(OH)6Cl2 allows for an undisturbed in-
vestigation of the coupling between magnetic excitations
and the lattice. In Fig. 1(c,d) the anisotropy and temper-
ature dependence of the in-plane (electric field E ‖ ab)
and out-of-plane reflectivity (E ‖ c) agree well with previ-
ous reports21,41, confirming our excellent sample quality.
We plot the corresponding optical conductivity at room
temperature and at 10 K in Fig. 1(e).
Herbertsmithite in the R3¯m structure has 18 atoms in
the primitive unit cell and 18 × 3 = 54 phonon modes
are expected. Our calculations display all 54 phonon
modes as previously classified21 including 10 infrared-
active doubly-degenerate Eu in-plane modes (E ‖ ab,
Fig. 1(a)) and 7 infrared-active out-of-plane modes A2u
(E ‖ c Fig. 1(b)). The frequencies are shown in Table I.
Full phonon modes can be found in the Supplemental Ma-
terial42. Our calculations agree well with our measured
optical spectra (Fig. 1(c-e)). Especially at low frequen-
cies we can unambiguously assign the experimentally ob-
served peaks to the computational results. The atomic
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FIG. 3. The doubly-degenerate Eu infrared vibration modes
at (a) 155.8, (b) 191.8, (c) 306.5, (d) 426.1, and (e) 455.8 cm−1
according to our ab initio calculations. The arrow sizes and
lengths correspond to the relative amplitudes of the modes,
which are projected on the ab-plane.
motions of the infrared vibrations between 150 and 500
cm−1 are displayed in Fig. 2 for the A2u modes (pro-
jected along c direction) and Fig. 3 for the Eu modes
(projected onto the ab plane). The total dipole moment
of the A2u modes parallel to the ab plane and for the
Eu modes along c direction is zero, consistent with the
polarized infrared spectra. While the lattice vibrations
are dominated by Zn, Cl and Cu motions in the region
150–300 cm−1, O and H atoms (and less pronounced also
Cu) exhibit the largest amplitudes between 300 and 500
cm−1. In the frequency range 350–500 cm−1 Cu-O scis-
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FIG. 4. Detailed view on the measured lowest-energy infrared
vibrations of ZnCu3(OH)6Cl2. The magneto-elastic coupling
is expected to be strongest for the modes at 115 cm−1 (E ‖
ab) and 125 cm−1 (E ‖ c), as expressed by the pronounced
broadening and red-shift upon cooling.
soring and stretching are the dominant motions, with
oxygen atoms experiencing the largest amplitude. For
this reason, these and higher lying vibrations are most
sensitive to Cu/Zn antisite disorder which is likely the
origin of the splittings (400 and 700-820 cm−1 for E ‖ c;
900–1000 cm−1 for E ‖ ab) and the additional features
with small intensity (600 cm−1 for E ‖ c). These split-
tings may also result from the lower monoclinic symme-
try as suggested in Ref. 19. Above 3000 cm−1 the rela-
tive position of the out-of-plane hydrogen-related modes
compared to those measured in-plane are in line with
our calculations. We suggest that these O-H stretching
vibrations around 3300–3500 cm−1 are also affected by
antisite disorder, which explains their complex splitting:
each proton is attached to an oxygen atom and feels the
modified crystallographic surroundings in a similar way.
While qualitatively we can identify and characterize
all infrared-active phonon modes, a quantitative compar-
ison between measured and calculated phonon mode fre-
quencies reveals some discrepancies that we attibute to
different sources. For instance, the measured in-plane
E1u and E
2
u modes at 90 and 115 cm
−1 are observed
at higher frequencies than the calculated doublet, 84.8
and 88.4 cm−1, respectively. Actually, at low energies
hν  J ≈ 180 − 190 K, the magnetoelastic coupling
is expected to manifest most strongly, so that this dis-
crepancy may be largely attributed to the involvement
of the spin degrees of freedom. The mismatch is gener-
ally more pronounced for vibrations that include defor-
mations of the Cu-O-Cu bond lengths and angles within
the kagome layer. For both polarizations the effect is
largest for phonon modes close to 120 cm−1 which are
also the modes exhibiting anomalous temperature depen-
dence (see Fig. 4 and Ref. 21). In contrast, the measured
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FIG. 5. The lowest-energy infrared vibrations according to our ab initio calculations. (a) A12u mode, (b, d) E
1
u and E
2
u phonon
modes and (c, e) their projection onto the ab-plane, respectively.
modes around 700–1000 cm−1 appear at lower energies
than computed. The range where the phonons oscillate
at higher resonance frequencies than in the calculation
(0–700 cm−1) coincides with the two-magnon band seen
by Raman spectroscopy23. Interestingly, also the high-
frequency proton modes above 3000 cm−1 – here consid-
ering the main peak – are subject to hardening by 5%
despite hν  J . This is attributed to the description of
hydrogen in the DFT calculations.
In the following we focus our main discussion on
those features that exhibit anomalous temperature de-
pendence, i.e. deviations from the common narrowing
and blue-shift upon lowering the temperature.
In Fig. 4 we display the three measured lowest-energy
infrared-active phonon modes of herbertsmithite and il-
lustrate in Fig. 5 the corresponding atomic motions re-
sulting from our calculations. The A2u modes are domi-
nated by Cl and Cu displacements along the c-direction
[Fig. 5 (a)]. Panels (b-e) show the E1u and E
2
u modes and
their E ‖ ab projections corresponding to the measured
90 and 115 cm−1 peaks in Fig. 4, respectively.
We detect a clear relation between the amplitude of
Cu atom displacements and the observed non-thermal
broadening and red-shift which we associate with spin-
phonon coupling. Distortions of the kagome lattice and,
in particular, of the CuO4Cl2 octahedra due to atomic
displacements directly influence the nearest-neighbor (su-
per)exchange. Since for these phonon modes the fre-
quency scales are comparable to the magnetic interaction
scales, it is expected that the spins sense a modulation
(distortion) of the other Cu sites which reflects in a tran-
sient change in J . If the phonon brings about a more
favourable spin configuration lowering the total energy,
the system tends to stay ”longer” in this arrangement
which effectively reduces the spring constant k between
the lattice sites and, thus, the resonance frequency. In
this context, we would like to discuss recent reports of
a monoclinic distortion19,20. The lowest-energy in-plane
modes in Fig. 5(b-e) indeed show Cl (and Zn) ions mov-
ing strictly within the ab-direction while, at the same
time, the Cu atoms are displaced in an alternating fash-
ion perpendicular to the kagome layers. The resulting
deformations indeed break symmetry similar to the re-
port in Ref. 19. The proposed stripe phase19 cannot be
obtained by the in-plane projection of E1u and E
2
u but by
their out-of-plane component, which is close to the move-
ments in the right panels of Fig. 5 (b,d). Our analysis
of the phonon spectrum and atomic displacements sug-
gests that such measurements are compatible with Eu
modes lowering the symmetry to m or 2, and hint to a
strong magnetoelastic coupling affecting and influencing
the underlying spin system.
Further, at higher frequencies, although hν  J , the
proton vibrations exhibit a pronounced non-thermal be-
havior, too. Despite being faster than the low-energy
modes, the hydrogen atoms are bound to the oxygen
sites, which keep moving on the slow time scales of the
kagome-layer phonons. Thus, several proton oscillation
cycles will be superimposed on the oxygen motions, such
as the above mentioned CuO scissoring and stretching
vibrations that are affected by the low-frequency spin-
excitation continuum. This way, we expect that also the
protons are affected by the effects of magneto-elastic cou-
pling – at an energy hν an order of magnitude larger than
5J . This feature could possibly explain the higher reso-
nance frequency observed in experiment as compared to
the computed peak position.
In summary, we performed a comprehensive theoret-
ical and experimental study of the lattice vibrations in
ZnCu3(OH)6Cl2, providing insight into the mechanism
of magneto-elastic coupling. Our ab initio calculations
reproduce the vibrational peaks found in the infrared
spectrum21. Quantitative differences between observed
and computed resonance frequencies – the modes seen in
experiment are blue-shifted compared to the calculation
– coincide with the magnetic excitation background23.
The resulting atomic displacements and oscillation am-
plitudes reveal an intricate relation of kagome layer de-
formations with anomalous broadening and red shifts of
the lowest-frequency phonons upon cooling. Surprisingly,
even the O–H vibrations above 3000 cm−1 are susceptible
to the low-energy magnetic degrees of freedom – an order
of magnitude higher in frequency than J ≈ 180 K. More-
over, the splitting of particular phonon modes in the ex-
perimental spectrum is attributed to the lower symmetry
of the crystal resulting from disorder, providing a handle
on antisite Cu/Zn exchange in ZnCu3(OH)6Cl2.
We expect that optical experiments as a function of
pressure and magnetic field43,44, as well as ultrasound
studies45 may provide additional information on the na-
ture of magneto-elastic coupling and symmetry breaking
in herbertsmithite. Further, having the full information
about optical and acoustic phonons allows, in principle,
to properly subtract these lattice contributions from the
specific heat7 and isolate the spin entropy of the QSL.
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